For the first time, planar joints between pure aluminum and galvanized or uncoated DP450 steel joints have been developed via magnetic pulse welding. Both present a wavy interface. The microstructure of the interfacial zone differs according to the joint. With uncoated steel, the interface is composed of discrete 2.5-lm-thick FeAl 3 intermetallic compounds and Fe penetration lamellae, whereas the interface of the pure Al-galvanized steel joint is bilayered and composed of a 10-nm-thick (Al) Zn solid solution and a few micrometers thick aggregate of Al-and Zn-based grains, arranged from the Al side to the Zn coating. Even if the nature of the interfacial zone differs with or without the steel coating, both welds present rather similar maximum tensile forces and ductility in shear lap testing.
I. INTRODUCTION
FOR lightening and subsequent energy cost purposes, aluminum alloy and steel joining has gained increasing interest, particularly in the automotive and railway industry. [1] Because of its light weight and good formability, aluminum alloy has been tested to replace, or at least to be joined to, stiff, strong, and tough steel. However, aluminum to steel dissimilar joining remains a challenge because of the difference in their melting points [933 (660) vs 1836 K (1563°C)], specific heats (897 vs 450 J kg À1 K À1 ), thermal conductivities (238 vs 75 W m À1 K À1 ), thermal expansion coefficients (23. 8 9 10 À6 vs 12.3 9 10 À6 K À1 ), elasticity moduli (72000 vs 210000 MPa), and tensile strengths (80 vs 270 to 410 MPa) (from References 2 and 3), which causes voids, residual stresses, and distortion. The high chemical affinity of these materials [4] is another key difficulty for welding because it causes the formation of intermetallic compounds (IMCs). [2, 5] Many investigations report welding of Al to galvanized or bare steel, for instance, (1) in the liquid state through various processes, such as metal arc joining, [6] [7] [8] [9] [10] [11] [12] [13] [14] cold metal transfer, [15, 16] resistance spot welding, [17] [18] [19] [20] [21] [22] [23] [24] [25] electric discharge bonding, [26] electron beam welding, [27, 28] explosive welding, [29] [30] [31] laser welding, [1] [2] [3] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] laser [45] [46] [47] [48] [49] or furnace brazing, [50, 51] or hybrid processes such as laser metal inert gas (MIG) welding, [52, 53] laser roll welding, [42] and tungsten inert gas (TIG) welding plus brazing, [54, 55] and (2) in a semi-solid state by friction stir brazing. [56, 57] However, in addition to the problems of distortion and solidification defects that occur, due to the good chemical affinity of Al and Fe, these processes lead to the rapid formation of IMCs at the interface of both materials. Such precipitation is all the more favored in the liquid state (see Table IV in the appendix at the end of the paper). Even if the IMCs can ensure bonding between the base materials, their formation remains a common problem during dissimilar joining, especially if they are continuous and too thick. [58] With these features, they can deteriorate the mechanical properties of the assembly because of their brittleness.
To limit the formation of IMCs during the joining of Al to steel and to improve the joint strength, various solutions have been proposed:
(1) Adjusting the process parameters to either limit the heat input at the Al/steel interface [3, 36] or reduce the welding time by preheating the steel. [5, 35] (2) Changing the chemical composition of the interface to either modify the nature of IMCs or reduce the diffusion kinetics. Such modifications, for instance, consist of a larger proportion of Al in a steel-pure Al laminate filler during resistance spot welding [24] or of a Si [3, 5, 59, 60] or Zn addition in an Al filler metal. [45, 60, 61] The Zn addition promotes the formation of an aggregate of Fe 2 Al 5 Zn x , FeZn 10 , and Al-rich amorphous particles, enhancing the joint mechanical resistance. [62] The beneficial effects of a 15 wt pct Cu [59, 60, 63] or 0.1 wt pct Be [3] addition in liquid Al during steel aluminization have also been reported. A Zn, [56] Ni, [16] Ag, [27, 64] Al, Al-Mg, Ni-Zn, Zn-Al, or Ag-Zn [3] coating on steel also hampers the interdiffusion between Fe and Al during arc welding. (3) Using solid-state welding processes. Some studies consider friction welding, [65] [66] [67] [68] friction stir welding, [58, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] friction stir diffusion bonding, [89] ultrasonic welding, [90] roll bonding, [91] [92] [93] diffusion bonding, [64, 75, [94] [95] [96] [97] [98] or hybrid processes [5] such as FSW assisted by diffusion bonding, [83] by an electrical current, [99] by gas tungsten arc welding, [100] or by a laser. [101] These solid-state welding processes require a significant heat input to ensure suitable steel plasticization or sufficient atomic mobility. However, such a condition can still entail the formation of IMCs, whose nature and distribution will depend on the process settings. [102] Table IV illustrates some results from a non-exhaustive list of examples addressing the features of the IMCs that form during steel-Al welding in the liquid or solid state.
In addition to all of the previously cited joining processes, Table IV lists some semi-solid-state processes such as explosive welding [29] [30] [31] and magnetic pulse welding (MPW). MPW is an environmentally friendly and repeatable process that is particularly recommended for joining dissimilar materials. Although it is not commonly used (Table IV) , magnetic pulse welding (MPW) indeed leads to rather low peak temperatures for a very short time (a few microseconds) [103, 104] and thus to no significant heat-affected zone. [103] [104] [105] MPW is based on high-speed electromagnetic forming at room temperature. This process can be applied to tubular or planar workpieces. [103, 104, 106] The principle of MPW used with planar workpieces is thoroughly covered in previous works. [107, 108] With regard to the Al-steel system, various joints were obtained by MPW in tubular [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] and planar [105, 107, 108, [120] [121] [122] [123] configurations. In the latter case, joining was supposed to consume much less energy than with tubes, [123] which should limit the formation of IMCs. Moreover, among the few studies of the interface microstructure, [105, [107] [108] [109] [111] [112] [113] 120] only a few short investigations concern the case of planar joints [105, 107, 108, 120, 123] and none consider the MPW joining of galvanized steel with aluminum.
To fill this gap, the current paper aims to investigate the effect of a galvanized steel coating at various length scales on the microstructure of the Al-steel interface in planar magnetic pulsed welds. The influence of the consecutive change of the interface microstructure on the mechanical properties of both kinds of joints is subsequently considered.
II. EXPERIMENTAL PROCEDURE
The base materials are 40-mm-wide coupons of AA1050 aluminum (90 mm long and 0.5 mm thick, hardness of 40 HV 0.05 ) and of either industrially hot-dip galvanized or uncoated cold-rolled DP450 steel (110 mm long and 1.17 mm thick, hardness of 160 HV 0.05 ). Their chemical compositions, supplied by the provider, are listed in Table I . Aluminum, which is the better electrical conductor, constitutes the flyer sheet, whereas steel, with a greater yield strength, is the target workpiece. An 8-mm-wide and 12-mm-long hump was deep drawn on the Al flyer sheet (Figure 1 ). The sheets were cleaned with acetone and stacked over a lap length of 50 mm. They were finally joined by magnetic pulse welding with a discharge energy of 10 kJ. The generator has a capacitance of 408 lF, an inductance of 100 nH, and a resistance of 14 mX. The Cu inductor ( Figure 2 ) presents a 20-mm-long and 2.7-mm-thick active zone, a 44-nH inductance, and a 0.1-mX resistance. An insulating sheet with a thickness of 0.1 mm is inserted at the Al-inductor interface. The stand-off distance corresponds to the hump depth of 1.5 mm.
The transverse cross sections of the joints were diamond polished to 1 lm and characterized by light microscopy, scanning electron microscopy, and X-ray energy dispersive spectroscopy (EDX/SEM) with the secondary electron (SE) or back-scattering electron (BSE) mode.
For the (scanning) transmission electron microscopy ((S)TEM)/EDX) and electron diffraction investigations, thin foils were prepared using the focused ionic dual beam (FIB) technique. During cutting, the thin foil edge facing the ion beam was protected by a 3.5-lm-thick deposit of platinum. A 300-pA beam intensity was applied for final thinning.
X-ray diffractometry (XRD) was performed on the transverse cross section of the weld using a Bragg-Brentano configuration and a cobalt anticathode [k Co (K a1 ) = 1.78901 Å ].
Vickers microhardness tests were performed under a 50 g load with a 15-second dwell time along the MPW joint in the transverse cross section.
Three to four tensile shear lap tests were finally performed on each kind of full weld along the length of the rectangular joint at a rate of 1 mm/min.
III. RESULTS

A. Validation of the Process Settings
The physical parameters of MPW are the impact velocity (V i ) and angle of incidence (b). To obtain a sound weld, the first value should exceed 200 m/s, whereas the second setting that ensures the required progressive impact is an angle of incidence between 6 deg and 30 deg. [124] [125] [126] The controllable process parameters are the discharge energy and the coil and hump geometries and dimensions. A fully coupled 3D numerical simulation was performed using the LS-Dyna code in order to confirm the suitability of the physical parameters for welding. LS-Dyna is a dynamic code that uses a coupled FEM (finite element method)-BEM (binary element method) numerical scheme for coupling electromagnetic results with mechanical and thermal solutions. [127] As displayed in Figure 3 , the simulation model allows drawing a velocity profile at the moment of impact between the flyer (i.e., Al 1050) and the parent metal (i.e., DP450 steel). Once the required impact velocity and angle are obtained, the process parameters are experimentally validated.
The Johnson-Cook law [128] was used for the dynamic behavior of Al 1050 (Eq. [1] ):
where r eq is the equivalent flow stress; A is the yield strength coefficient, equal to 25 GPa; B is the hardening modulus, equal to 25 GPa; C is a constant, equal to 8; p is the plastic strain; _ p is the plastic strain rate; _ p 0 is the reference plastic strain rate, equal to 1 s À1 ; n and m are constants, equal to 19 and 1, respectively [128] ; and 
where T m is the melting temperature, equal to 918.15 K, and T 0 is the room temperature. Applying a discharge energy of 10 kJ, which corresponds to a discharge voltage of 7 kV, the peak of the sinusoidal discharge current in the simulation is 277 kA and the frequency is close to 20.65 kHz. The simulation results sufficiently agree with the measured values, which are 280 kA and 20.4 kHz, respectively. The error is thus approximately 1.1 pct. According to the simulation, the impact occurs after approximately 9.5 ls which corresponds to the time at which the current reaches its peak value. This estimation is again verified by experiments. [129, 130] The nearly 514 m/s impact velocity and the nearly 9 deg impact angle are in the range of acceptable values. In accordance with these results, a successful weld was obtained by applying this discharge energy with the present coil and hump parameters.
B. Base Materials
As depicted in Figure 4 , the DP450 steel has a dual-phase structure composed of both equiaxed grains of ferrite with a 10 lm mean size and allotriomorphic martensite-austenite compounds (MACs), which are characteristic of thermomechanical steels. [131] The Al 1050 alloy exhibits finer and rather equiaxed grains with a size close to 1 lm in diameter.
The hot-dip coating of the galvanized DP450 steel comprises two layers including, from the steel surface, a 150-nm-thick inhibition layer (see Figure 13 ) covered by a 6-to 10-lm-thick Zn layer ( Figure 5 ). The formation of the thin layer of FeAl 3 , Fe 4 Al 13 , and Fe 2 Al 5 Zn x is the rule when steel is hot-dipped in a Zn melt enriched in Al. [132] C. Magnetic Pulsed Joints
Macroscopic view of the joint
A schematic of the MPW joint, as well as its three-dimensional view, transverse section, and global top overview, is displayed in Figure 6 . It is worth noting that the Al sheet is bent after magnetic pulse welding as suggested by the 3D view. In addition, both sheets are welded along an elliptical shaped ribbon with a 1 mm average width. This ribbon follows the inner border of the hump. As schematized in Figure 6 , in the area encircled by the ribbon, both sheets are not bonded because of the rebound. Such a lack of joining is the rule for magnetic pulsed welds as reported in the literature. [107, 133] 2. Microstructure of the joint a. Vicinity of the weld interface. Figure 7 (a) shows that at the bonded interface, the steel microstructure is not modified at the mesoscopic scale by magnetic pulse welding. This result is consistent with some previous studies.
[ 104, 120] Otherwise, the Al grains are rather equiaxed with a size close to 1 lm. In addition, the steel grains contain dislocation cells close to 0.7 lm in size, whereas the Al grains are dislocation free and contain some second phases composed of 70 at. pct Al, 25 at. pct Fe, and 5 at. pct Si at first sight (Figures 7(b) and (d)). Such an uncommon chemical composition is very likely overestimated in Al due to the overly large extent of the X-ray source region. The presence of particles that are more enriched in Fe and Si is indeed the rule in raw Al 1050 alloys. [134] In addition, regardless of the joint, i.e., with or without the galvanized layer, the interface has the same wavy shape, which results from the pulsed waves generated during welding ( Figure 8 ). Figure 8 further displays the variability of the transition zone width which can extend up to 2 lm in steel.
In relationship with the impact symmetry and the planar joint configuration, the slope of the waves is reversed from one side of the central unbonded zone to the opposite side.
b. Chemical nature of the joint interface. The X-ray diffractometry analysis of the interface shows the following:
(1) For the case of the uncoated steel, the FeAl 3 compound is predominantly detected together with small amounts of the Fe 2 Al 5 and Fe 4 Al 13 phases (Figure 9 (a)). (2) For the joint with coated steel, some pure Zn, Fe 2 Al 5 , FeAl 3 , and Fe 4 Al 13 compounds are observed, which is very likely due to the presence of the inhibition layer in the galvanized layer ( Figure 9(b) ).
In addition, most of the small intensity peaks and those marked by question marks in Figure 9 may correspond either to cementite or to the Al x Fe y Si z compounds observed in Figure 7 .
The transverse cross sections of both joints were also investigated at the finer length scale of TEM.
In the case of the Al 1050-uncoated steel weld, some discrete intermetallic compounds with a maximum thickness of approximately 2.5 lm are detected in the interfacial zone ( Figure 10 ). In accordance with the XRD analyses (Figures 9(a) and (b) ), their chemical composition determined by STEM/EDX is approximately 75 at. pct Al and 25 at. pct Fe, which corresponds to FeAl 3 ( Figure 11 ). At the interface, some harder Fe-rich convoluted lamellae are further detected within the softer Al part and inside the mixed zone (Figures 10 and 11) . They are composed of grains that are nearly 100 nm in size which is approximately 100 times smaller than the grains of the base steel. These grains result either from the dynamic recrystallization of Fe during MPW or from recrystallization due to heating during thin foil preparation by FIB.
For the Al 1050-galvanized steel weld, it is worth noting the irregular thickness of the interfacial zone ( Figure 12 ). In addition, going from steel to aluminum, the interfacial zone is composed of an inhibition layer, a zinc layer, and an Al + Zn bi-phased layer ( Figure 13 ). This observation agrees with the XRD results ( Figure 9 (b)) obtained at the mesoscopic scale. In the following, the Al + Zn bi-phased layer will be called the extra layer because, contrary to the other layers, it does not take part in the original steel coating. The flatness of the galvanized interface between steel and Zn contrasts with the unevenness of the Zn/extra layer and extra layer/Al interfaces. In addition, two types of waviness that are differentiated by both their periodicity along the joint and their amplitude of oscillation can be noted along the zinc/extra layer and extra layer/Al interfaces. According to the location along the joint, the respective thicknesses of both the zinc and the extra layer may significantly change, but their total thickness remains less than 12 lm (Figure 12 ). At the location of thin foil 2, an 8-lm-thick extra layer composed of equiaxed grains with a diameter between 50 and 450 nm is formed ( Figure 13 ). This extra layer can be thinner (1 lm) (Figure 14) , for instance at the constricted place marked by a white arrow in Figure 12 . The Zn layer is approximately 2.3 and 7 lm thick in the first (thin foil 2) and second (thin foil 3) cases, respectively. Compared to the [6 to 10 lm] initial thickness of the Zn coating, the pure Zn layer thickness can thus be divided by a factor of 5 at places where the (Al + Zn) layer is thick.
At the constricted parts of the interfacial zone (exemplified by the location of thin foil 3 in Figure 12 ), an additional (Al) Zn , Al-10 at. pct Zn, solid solution is observed adjacent to Al (Figure 14) . The width of this layer is approximately 200 nm (Figure 14) .
Mechanical properties of the joint
The hardness profiles across the interface and along the Y normal direction of both joints are depicted in Figure 15 .
On the Al side, no softening originating from an extended heat-affected zone (HAZ) is observed, which is consistent with the absence of this zone. The latter deduction is confirmed by the invariability of the grain size and shape compared to those in the base material. The absence of an HAZ also agrees with both the high thermal conductivity of Al and the very short welding time. In the case of the joint with the coated steel, softening is observed close to the interface, which is very likely due to the presence of the Zn and (Zn + Al) layers ( Figure 15 ).
It is worth noting that the microhardness profiles presented here are similar to other results, [118] but they differ from those of Yu et al., who noted hardening over a distance of 50 lm from the AA3003-low-carbon steel joint interface because at once of the presence of IMCs at the interface, of grain size refinement and of strain hardening on both sides of the interface. [109] In the current case of the joint formed with the uncoated steel, the lack of detection of hardening close to the interface is very likely due to the use of an important load for indentation and to an overly large measurement interspacing. Strengthening due to the presence of both hard FeAl 3 IMCs and fine recrystallized grains is expected on the Al side of the interface. According to the Hall-Petch relationship, the grain size effect must be significant in aluminum as it should lead to about an approximately 30 MPa hardening compared to the one close to 85 MPa yield strength of the base material. In contrast to the previous interpretation of Yu et al., [109] strain hardening is not efficient in the present case, as suggested by the low density of dislocations on the Al side close to the interface (Figure 7(c) ). Figure 16 present the shear lap tensile properties of both kinds of joints. According to the continuity of the load-displacement curves, there is no shift between the joining partners before reaching the peak strength. The ultimate tensile force is higher for the joint with the uncoated steel. The maximum displacement is rather low, independently of the joint type. However, the shear lap behavior of the joint with the uncoated steel is very similar to that of Al 1050-Al 1050 joints prepared with the same conditions (Table II) .
Sound, i.e., not macroscopically damaged, joints were obtained when fracture occurred by ductile tearing in the Al base material and in front of the transverse part of the joint. The latter joints are characterized by a progressive decrease of the load with displacement.
In contrast, for half of the joints with the galvanized steel, named joint 1, the load dropped rapidly after its peak, as fracture occurred in the transverse part of the weld around the C zone denoted in Figure 17 . Figures 17(a) and (b) display the general character of both sides of the fracture surface. The fracture area on the galvanized steel side is essentially enriched in Zn, whereas some parts are Al-rich ( Figures 17A, B, and C) . The latter islands are obviously plastered in the shear direction over the Zn layer (Figure 17(D) ), which indicates that they were the last zones to break during testing. 
IV. DISCUSSION
A. Interface Waviness
During MPW, a sudden temperature increase is observed at the Al-steel interface because of the loss of kinetic energy due to impact. Heating is very likely significant because the peak temperature is expected to reach 1473 K (1200°C) in MPW of AA6061-T6 according to thermomechanical simulations. [135] This temperature increase, combined with the high rate of deformation, leads to material softening (and even sometimes melting), which promotes the formation of a wavy joint interface. [103, 106, 116] In the present case, the observation of wavy interfaces is consistent with the studies by Watanabe [136] and Aizawa [105] but differs from some previous results that report a planar interface at MPW Al-steel joints.
[103] The differences in interfacial features (wave amplitude and periodicity) directly depend on numerous parameters, namely, (1) the evolution of the collision angle in the oblique configuration [107] and the magnitude of the discharge energy, both of which govern the collision velocity, (2) the flyer plate thickness, [103] and (3) instabilities in the magnetic signal during the process.
A comparison of Figures 10 and 12 shows that the waviness of the interface is more pronounced for the uncoated steel. This observation is very interesting because both kinds of welds were obtained with the same process settings. This suggests that waviness is promoted by the ease of plastic deformation of the two base materials. Indeed, Zn presents fewer slip systems than steel or aluminum.
In addition, in the case of the Al-uncoated steel joint, the waviness is further amplified by the insertion of hard Fe fragments, expelled by the spallation of the steel surface into softer Al during impact. The latter phenomenon has previously been observed in a study by Watanabe. [136] B. Microstructure of the Interfacial Zone
Defect-free joints
It is worth noting that with the present process parameters, the microstructure of the magnetic pulsed joints is defect-free.
Joints without Zn
In the absence of Zn and in accordance with data from the literature, [105, 120] intermetallic compounds are formed at the Al-steel interface. Some FeAl 3 weld Al *Joints 1 and 2 refer to both kinds of tensile behavior exemplified in Fig. 16 . **Due to the nature of the shear lap tensile test, the coefficients of efficiency must be calculated via comparison with the properties of a joint, in the present case, the Al 1050-Al 1050 joint. compounds up to 2.5 lm thick are predominantly found on the Al side of the interface as shown by XRD and TEM analyses (Figures 9(a) and 10) . These IMCs are more specifically located in pockets distributed along the wavy interface and in close contact with the steel fragments that are torn and spread into the softer Al during impact. Such observations are consistent with previous works. [120, 136] A close examination of the literature data, not presented here to be concise, suggests that the discontinuity of the joint microstructure seems to result from a reduced input voltage and a low discharge energy. The IMC nature is consistent with a previous work, [109] whereas other studies report the presence of discrete particles of both FeAl 3 and Fe 2 Al 5 , [107] Fe 4 Al 13 or Fe 2 Al 5 , [120] or continuous layers of Fe 4 Al 13 and FeAl 3.
[109] It is worth noting that neither a glassy (Al + Fe) zone [111] nor an oversaturated (Fe) Al solid solution was observed, which is in contrast to other studies. [107, 111] The observed discrepancies very likely result from differences in parameter settings. Process parameters are, however, often not reported in the literature, which makes the comparison difficult. In addition, the different natures of the steel used here compared to steel used by other authors may also explain the discrepancies in results because steels of different chemical compositions will have different material flow responses during MPW, exacerbating the variability of the microstructure.
In the current case, on the Al side of the interface, the predominant formation of FeAl 3 among all the Fe x Al y IMCs reported in the equilibrium phase diagram [4] can be questioned.
The formation of FeAl 3 and Fe 4 Al 13 generates a volume increase of 5764 pct vs 715 pct, 283 pct, and 4 pct for Fe 2 Al 5 , Fe 3 Al, and FeAl, respectively, with respect to the Al matrix. Accordingly, the formation of FeAl 3 should not have been promoted because during MPW, the Al flyer piece is more plastically deformed than steel and compressive residual stresses are already constrained close to the interface. The formation of FeAl 3 is, however, aided by its compressibility, as it presents a lower bulk modulus than Fe 2 Al 5 , i.e., 284 GPa vs 475 GPa. [137] The latter argument is nevertheless doubtful because of the plastic nature of the lattice deformation.
In addition, according to the effective heat of formation model, the first intermetallic phase to nucleate would be Fe 2 Al 5 which possesses the most negative heat of formation at the composition corresponding to the lowest temperature of the liquidus in the Al-Fe system. [138] In contrast, the Walser-Beneḿ odel predicts that the first phase to nucleate would be FeAl 3 , which is the congruent phase immediately adjacent to the low-temperature eutectic phase in the Al-Fe phase diagram. [139] Another factor favorable for the preferential formation of FeAl 3 is the large extent of its composition range. Indeed the extent of composition is as efficient as diffusion for the growth of phases. [140] In addition, although the materials are not at equilibrium during MPW, the very low equilibrium solubility of Fe in Al (0.025 at. pct) [4] and the local chemical composition could also explain the preferential formation of FeAl 3 , which is the most Al-rich Fe x Al y IMC on the Al side. Finally, it is important to emphasize that some rather large IMC particles are formed in spite of the short (ls) welding time. The high kinetics of formation (some meters per second) is very likely assisted by the very high deformation rate (Table III) . Two explanations are proposed. In the first hypothesis, welding proceeds in the solid state. Due to high strain rates and great pressures up to 10 5 MPa, Al would behave like a high velocity fluid, although it remains solid. [106, 120, 141] The viscous state would be induced by a high heat input and/ or by a great atomic disorder due to a high density of defects generated by the high strain rate at the interface. The high density of dislocations and the high oversaturation of vacancies [142] [143] [144] [145] produced during impact should markedly increase the diffusion of elements. The dislocation density is, for instance, estimated at 10 11 dislocations per cm 2 after explosion welding. [144] In the second assumption, the heating effect due to a high strain rate for a short time [135] may induce local melting followed by rapid solidification at the interface. [106, 110, 111, 113] In this case, diffusion is exacerbated during the process, which leads to the fast formation of IMCs. However, because of the absence of clue of solidification structures, the solid-state mechanism is the most likely mechanism in the present case. This contradicts assertions in the literature in which pockets at interfaces (see Figures 8 and 10 ) should result from local melting. [110] 3. Joints with the galvanized steel In the presence of the galvanized coating, except for the 150-nm-thick and continuous inhibition layer, no IMC is detected on either side of the joint interface. Instead, some pure zinc, with a thickness smaller than the primitive Zn coating, is observed together with a zone of interdiffusion.
A comparison with the 6 to 10 lm initial thickness of the Zn coating shows that, in the joint, the pure Zn layer thickness can be divided by 5 when the (Al + Zn) layer is thick (approximately 9 lm) ( Figure 13 ). Two assumptions can be made to explain this observation.
The first assumption would be that Al diffused into Zn over a distance greater than that over which Zn migrated within Al. This explanation is indeed consistent with the different orders of magnitude of both diffusion coefficients. The diffusion coefficient of Zn in Al is 2.17 9 10 À17 , 1.57 9 10 À15 , and 3.63 9 10 À10 cm 2 / s at 383 (110), 433 (160), and 688 K (415°C), respectively, [4] whereas the diffusion coefficient of Al in Zn is equal to 3.16 9 10 À9 cm 2 /s at 573 K (300°C). [146] The deformation very likely further promotes the diffusion of Al in Zn since the distance covered by the elements during the process (i.e., in approximately 15 ls) is equal to a few micrometers, which is greater than the distance of 0.24 lm calculated by considering the previous diffusion coefficients measured in deformation-free samples. Only Al should diffuse in Zn since the original Zn coating thickness is very close to the total thickness of both the (Al + Zn) and Zn layers after welding.
A second explanation would be fracturing of the brittle zinc layer under the impact effect followed by filling of the empty spaces (let by the cracks) by viscous Al.
Moreover, as previously stated for the case of the Al-uncoated steel joint, the absence of clue of solidification structures suggests that joining very likely occurred in the solid state in spite of the easy melting of Zn with its low melting temperature, i.e., 419.5°C.
Role and interest of zinc
Without the galvanized coating, only discrete and thin Fe x Al y IMC particles are formed, whereas the presence of Zn contributes to the formation of both a bi-phased (Al + Zn) layer and an (Al) 10 at. pct Zn solid solution. The comparison of both kinds of joints proves that the presence of Zn hinders the formation of Fe x Al y IMCs at the interface. Indeed, the presence of the Fe 2 Al 5 Zn x inhibition layer on the steel hinders the diffusion of Fe and, subsequently, the formation of both Fe x Zn y and Fe x Al y IMCs.
From the mechanical point of view, the comparison between the results of the shear lap tensile tests suggests that the presence of a continuous Zn layer is more deleterious than that of discrete IMCs particles at the interface. Discrete IMC particles may not be redhibitory with regard to joint fracture. [19, 56, 147] Otherwise, it is worth noting the absence of the (Al + Zn) bi-phased layer over the fracture surface ( Figure 17 ). This observation may result from both the insufficient spatial resolution of the present SEM images and/or the high plasticity of the bi-phased layer. The latter hypothesis agrees with both the submicrometer size and the chemical composition of the grains. Superplasticity was observed in Zn-22 at. pct Al alloy at room temperature and at a similar strain rate. [148] 5. Comparison of MPW with other welding processes to join Al and steel A comparison of the current results with those summarized in Table IV proves that the nature and thickness of the IMCs formed at the Al/steel interface depend on the nature of the parent and filler materials, on the process parameter settings and, therefore, on the liquid or solid nature of the welding process. The significant sizes of most of the IMCs compiled in Table IV suggest that they were formed under sub-optimal processing conditions.
In fusion welding processes, chemical diffusion occurs easily because of the liquid state, and the process duration is sufficient to allow the formation of various types of IMCs with thicknesses up to 35 lm (Table IV) . The preferential formation of Fe 2 Al 5 (and less frequently of FeAl 3 ) is generally noted when only Al melts. [3, 16] When both steel and aluminum are in the liquid state, such as in the case of anisothermal laser welding, [39] additional Fe-rich intermetallic compounds, namely, FeAl and FeAl 2 , form.
In the same way, diffusion bonding at the solid state and at a high homologous temperature for the material with a lower melting point favors the generation of different kinds of IMCs all the more when the holding time is long, i.e., one to several hours (Table IV) . 2 [150] 773 K (500°C) in the case of A356 [149] 7 s [149] friction stir welding (FSW) 1 to 650 [142, [151] [152] [153] [154] [155] [156] [157] 2 to 130 [142, 153, 154, [158] [159] [160] 723 K (450°C) for Al alloys [161] a few seconds Semi-solid magnetic pulse welding (MPW) 10 7 [123] ? 473 K (200°C) (very locally) in AA6061-T6, [104] 933 to 1473 K (660 to 1200°C) [162] a few microseconds
Regarding the semi-solid and solid processes, the formation of IMCs will depend on the thermomechanical parameters differing by several orders of magnitude. For MPW, the strain rate is 10 5 (10 6 ) times that for FSW (FW), the temperature is lower than in FW and FSW, and the welding time is far shorter (Table III) . According to Table IV, the tendency for slightly easier formation of Fe 2 Al 5 during FSW and FeAl 3 during MPW may suggest that the kinetics of formation of FeAl 3 is very rapid with a high vacancy density. This remark agrees with the easier accommodation of the very important lattice distortion due to the formation of the asymmetric monoclinic FeAl 3 lattice in a disordered state rather than in a perfect crystal lattice.
V. CONCLUSIONS
The current study of planar joints using magnetic pulse welding led to the following conclusions:
-Some defect-free Al-galvanized, or not, steel joints characterized by a wavy interface were developed by using magnetic pulse welding. -In the uncoated steel case, both FeAl 3 particles and Fe fragments were formed on the Al side of the joint. -With regard to the joint with galvanized steel, two interfacial layers occurred, namely, an (Al) Zn solid solution and an (Al + Zn) bi-phased layer. The Zn layer enables to avoid the formation of Fe x Al y intermetallic particles at the Al-steel interface. -Despite the presence of intermetallic compounds, the joints with uncoated steel present better mechanical properties than those with galvanized steel.
APPENDIX
See Table IV in Appendix. Since Fe 4 Al 13 and FeAl 3 have very similar stoichiometry and crystallography, they are not differentiated. When no specified, the continuous or discontinuous feature of the IMCs is unknown in spite of its mechanical importance.
